In this paper, we collect all available times of the light minimum of AR Lac from the literature and databases. Through an analysis of the O C curve by a weighted least-squares method, we found that the orbital period of the system shows a cyclic oscillation with a period of 50.93 yr superimposed on a long-term secular period decrease at a rate of dP =dt = (2.128˙0.060) 10 9 d=d. Since both components of AR Lac are late-type stars, and show strong Ca H and K emission lines, the orbital period variation may be caused by the magnetic activity of the system.
Introduction
AR Lacertae (HD 210334, BD + 45 3813) is an RS CVntype binary with an orbital period of 1:
d 983. The spectral types of the system are G2IV + K0IV, and both components show strong H˛and Ca II H and K emission lines (Sanford 1951; Naftilan & Drake 1977; Bopp 1983; Fernández-Figueroa et al. 1994; . Its light variation was discovered by Pickering (1907) . After its discovery, photometric and spectroscopic studies have been made by many authors (e.g., Jacchia 1929; Harper 1933; Kron 1947; Sanford 1951; Blanco & Catalano 1968 Hall et al. 1976; Chambliss 1976; Naftilan & Drake 1977; Lanza et al. 1998a; Siviero et al. 2006) . Jacchia (1929) found AR Lac to be an eclipsing binary. Harper (1933) published spectroscopic observations from which he classified the spectra of the system as G5 and G2, which were subsequently reclassified as G5 + K0 by Wyse (1934) , and later improved by Walter, Gibson, and Basri (1983) . Kron (1947) published the first photoelectric observations of the system. He noted irregularities in the light curves, and proposed an explanation based on the presence of star spots in the photosphere of the hotter component. Sanford (1951) improved the orbital elements previously derived by Harper (1933) from the radial-velocity curve, and found that the average intensity of the emission H and K lines of the cooler component is stronger than that of the hotter star; this was confirmed by Naftilan and Drake (1977) . Catalano (1968, 1970 ) observed a persistent wave-like distortion in the light curve outside the eclipse. Hall, Richardson, and Chambliss (1976) examined 18 light curves, and confirmed the conclusion of Catalano (1968, 1970) . Chambliss (1976) found intrinsic light variations of the system up to an order of 0: m 04. Lanza et al. (1998a) analyzed the light curves of AR Lac obtained during the pericd from 1967 to 1992 using a cool spot model. They revealed that the spot-activity cycle is 17 yr, while the orbital period modulation has a period of 35 yr. Siviero, Dallaporta, and Munari (2006) published B-and V -band observations, from which they derived M 1 = 1.17 Mˇ, R 1 = 1.51 Rˇ, M 2 = 1.21 Mˇ, R 2 = 2.61 Rˇ, T 1 = 5826 K, T 2 = 5100 K, and a = 8.87 Rˇ.
The orbital period of AR Lac has been investigated by several authors. Wood (1946) , Plavéc, Smetanová, and Pékny (1961) , Cester (1967a) , and Chambliss (1976) have reported abrupt changes of the period of AR Lac. Guarnieri, Bonifazi, and Battistini (1975) attributed the orbital period variation of AR Lac to mass transfer from one component to the other, or mass loss from one component, or both. Hall, Richardson, and Chambliss (1976) pointed out that the period changes of AR Lac could not be explained by any mass-transfer mechanism, because the system is definitely not semidetached. Hall and Kreiner (1980) formed the whole O C curve, from which they estimated the orbital period showing cyclic oscillation to be 35 yr, and attributed these variations to change of the light-travel time due to an unseen third body of 0.75 Mˇ. Van Buren (1986) also interpreted the period variations of AR Lac as being caused by a third body, deducing an orbital period of 41 yr and a mass M 3 = 2.7 Mˇ. Kim (1991) argued that no single mechanism (mass transfer, a light-time effect due to a hypothetical third body, and anisotropic mass ejection) can explain the period variations of AR Lac. Jetsu et al. (1997) provided a least-squares polynomial fit to analyze the orbital period variation of AR Lac. They found that the average period of the O C modulation is 36 yr. Lanza et al. (1998a) paid attention to the spot activity cycle and orbital period variation of AR Lac. They found that the orbital period of the system shows cyclic changes with a period of 35 yr, while the spot activity cycle is 17 yr. Qian, Liu, and Yang (1999) found the orbital period of AR Lac to be modulated with a period of 47 yr superimposed on a long-term secular period decrease at a rate of dP =dE = 8.28 10 7 d=yr. They confirmed the period variation found from the times of minima, and suggested the orbital period variations of AR Lac to the magnetic activity cycle in the cooler component. Frasca and Lanza (2000) tested the orbital period variation of AR Lac using radial velocity data. They suggested that the cyclic variation of the O C of AR Lac cannot be accounted for by the light-time-effect hypothesis. Siviero, Dallaporta, and Munari (2006) AR Lac variable with a period of 40 yr. The aim of this study is to collect all times of the light minima, to calculate the O C values, to analyze the orbital period variations, and to investigate the mechanisms that may cause changes in the period of AR Lac.
Orbital Period Changes of AR Lac
To form the whole O C curve, and to see the general behavior of the period variation of AR Lac, a careful search of all available times of the light minimum has been made; 344 times of the light minimum were collected from the literature (e.g., Hall et al. 1976; Hall & Kreiner 1980; Srivastava 1984; Kim 1991; Jetsu et al. 1997; Siviero et al. 2006 ; see table 1). Other 32 data were taken from the O C gateway.
1 Out of them, 27 times of the light minimum were published recently (e.g., Nagai 2006 Nagai , 2007 Nagai , 2010 Bíró et al. 2007; Hübscher et al. 2010a; Brát et al. 2011) . The O C values of the times of the light minimum were calculated by using the following ephemeris (Siviero et al. 2006): Min. I = 2451745:58650 + 1:
and they are listed in table 1. In this table, "v" means the visual estimate, "f" the time derived from a series of photographic exposures, "p" the time of mid exposure of a patrol plate, "pe" a series of photoelectric measurements, and "C" CCD. The corresponding O C curve is shown in figure 1 , where open 1 hhttp://var.astro.cz/ocgate/index.php?lang=eni.
circles refer to visual or photographic data and solid dots to photoelectric or CCD observations. As plotted in figure 1 , the O C values of two visual data, HJD 2453957.016 and HJD 2453959.014, show such a large scatter from the best-fitted curve (solid line) that they cannot be trusted. By omitting these two data, the others suggest that the period variation of AR Lac is continuous, and the variation is very complex. There may exist a sinusoidal variation that is superimposed on a secular period decrease. With a weight of 1 for the visual and photographic observations and 8 for photoelectric and CCD data in consideration of their different photometric precision referring to Qian (2003) and Qian et al. (2004) 
which is obtained by means of the weighted least-squares method. The residuals from equation (2) are shown in the bottom panel of figure 1 . The quadratic term in equation (2) reveals a long-time period decrease at a speed of dP =dt = (2.128˙0.060) 10 9 d=d, which is the same order of magnitude as the value found by Qian, Liu, and Yang (1999) . The sinusoidal term in equation (2) suggests a periodic change with a period of P = 50.93 yr. The corresponding amplitude is (84) (1) Dugan and Wright (1939) ; (2) Jacchia (1930); (3) Loreta (1930); (4) Schneller and Plaut (1932) ; (5) Ishchenko (1963); (6) Parenago (1930); (7) Parenago (1938); (8) Rügemer (1932); (9) Zverev (1936); (10) Sanford (1951); (11) Himpel (1936) ; (12) Krat (1945) ; (13) Theokas (1977); (14) Wood (1946); (15) Gainullin (1943); (16) Ahnert (1949) ; (17) Svechnikov (1955); (18) Wróblewski (1956); (19) Makarov, Mandel, and Panaioti (1957) ; (20) Karetnikov (1959) ; (21) Alexandrovich (1959); (22) Karetnikov (1961) ; (23) Karetnikov (1962) ; (24) Karle (1962) ; (25) Dueball and Lehmann (1965) ; (26) Braune and Hübscher (1967) ; (27) Obůrka (1968); (28) O C gateway; 1 (29) Ahnert (1965) ; (30) Hall (1968); (31) Pohl and Kizilirmak (1966) ; (32) Ahnert (1966); (33) Kizilirmak and Pohl (1969) ; (34) Cester (1967b) ; (35) Chambliss (1974); (36) Wesselink et al. (1980) ; (37) Karle et al. (1977) ; (38) Pohl and Kizilirmak (1970) ; (39) Obůrka andŠilhán (1970); (40) Nha and Kang (1982) ; (41) Battistini, Bonifazi, and Guarnieri (1973) ; (42) Germann (1976); (43) Pickup (1972) ; (44) Kizilirmak and Pohl (1974) ; (45) Isles (1973); (46) Isles (1975) ; (47) Pokorný (1974) ; (48) Scarfe and Barlow (1978) ; (49) Srivastava (1981) ; (50) Baldwin and Samolyk (2000) ; (51) Ihle (1980); (52) Kurutaç et al. (1981) ; (53) Pokorný (1982) ; (54) Pohl et al. (1982) ; (55) Ertan et al. (1982) ; (56) Park (1984) ; (57) Nha et al. (1985) ; (58) Caton (1983); (59) Evren et al. (1983) ; (60) Kim (1991) ; (61) Hübscher, Lichtenknecker, and Meyer (1986) ; (62) Nezry (1988); (63) Martignoni (1995) ; (64) Ogtoza (1995); (65) Zejda (1995) ; (66) Martignoni (1997) ; (67) Hegedüs et al. (1996) ; (68) Brelstaff (1997); (69) Brelstaff (1998) ; (70) Tikkanen (2000); (71) 
where P e = 1.983 d, P mod = 50.93 yr, the amplitude of the orbital period change can be calculated to be ΔP = 2.43 10 5 d.
Discussions and Conclusions
Our results suggest that the orbital period of AR Lac shows a cyclic oscillation with a period of 50.93 yr, while superimposed on a long-term secular period decrease at a rate of dP =dt = (2.128˙0.060) 10 9 d=d. The period cyclic oscillation may be caused by: (1) the magnetic activity cycle in the components, (2) the light-time effect via the presence of a third body, and (3) the apsidal motion. Marino et al. (1997) 's radial-velocity data confirmed that the eccentricity of AR Lac is not significantly different from zero, as previously derived from the light curve (e.g., Chambiss 1976). Frasca and Lanza (2000) tested the orbital period variation of AR Lac from radial-velocity data. They have not proved the presence of a third body orbiting around the mass center of the binary on the basis of the constancy of the barycentric radial velocity. This implied that the period cyclic variation of AR Lac is not due to the apsidal motion and the light-time effect of a third body. Therefore, the period cyclic oscillations of AR Lac are most probably caused by magnetic activity cycles.
The theory of applying the magnetic activity to a quasiperiodic orbital period changes of binaries was first proposed by Applegate (1992) . It was then improved by Lanza, Rodonò, and Rosner (1998b) and Lanza and Rodonò (2002) . This theory is based on the hypothesis that a hydromagnetic dynamo can produce changes in the gravitational quadrupole moment of the active star through a redistribution of the internal angular momentum and/or the action of the Lorentz force in the stellar convective zone. If the energy for transferring angular momentum is provided by the luminosity variation, ΔL, of the active star, ΔL=L Ä 1 must hold. According to equations (26), (28), and (30) in Applegate (1992) and equation (16) in Lanza, Rodonò, and Rosner (1998b) , Tian, Xiang, and Tao (2009) derived the following expression:
where M and R are the mass and radius of the active component, a is the semimajor axis of the binary system, and all of them are in solar units; ΔP represents the amplitude of the orbital period modulation and is in units of second; P mod is the period of the orbital period modulation, in yr; T is the temperature of the component star measured in K. With the absolute parameters, M 1 = 1.17 Mˇ, R 1 = 1.51 Rˇ, M 2 = 1.21 Mˇ, R 2 = 2.61 Rˇ, T 1 = 5826 K, T 2 = 5100 K, and a = 8.87 Rď etermined by Siviero, Dallaporta, and Munari (2006), and Chambliss (1976) and Hall, Richardson, and Chambliss (1976) . This argument rejects the hotter component as being the source of the cyclic variation of the orbital period, in the "Applegate" scenario, while the cooler one could be responsible for this effect. The required energy budget is compatible with the luminosity intrinsic variation observed outside the eclipses, but the latter is very likely due to other effects of magnetic activty, such as starspots. With the model of Lanza, Rodonò, and Rosner (1998b) and Lanza and Rodonò (2002) , and the above parameters, the corresponding results were obtained, and are given in table 2. In this table, ΔQ is the required quadrupole moment, ΔJ the angular-momentum transfer, ΔΩ=Ω the variation of the differential rotation, ΔE the required energy transferring the angular momentum, and B the mean surface magnetic field.
Since AR Lac is a detached system, and its cooler component shows very strong Ca II H and K emissions, the long-term period decrease of the system may be produced by magnetic braking. In this case, the mass-loss rate (Tout & Eggleton 1988 ) is as follows:
where M is the total mass, R the radius of the active component, L the actual luminosity of the active component, which is estimated to be 4.07 Lˇ, and R L the Roche-lobe radius, whose value can be calculated by R L a = 0:38 + 0:2l g
where all of the parameters are in solar units. A calculation with equations (5) and (6) yielded P M = 2.80 10 10 Mˇyr 1 . The Alfvén radius, R A , can be determined by the following equation (Tout & Hall 1991) :
where M 1 and M 2 are the masses for the hotter and cooler components respectively, M the total mass, P the ephemeris period, P P the secular period decrease, and a the distance between the components. With dP =dt = (2.128˙0.060) 10 9 d=d, we obtain R A = 180.26 Rˇ. To sum up, through an analysis of the O C curve by a weighted least-squares method, we found that the orbital period of the system shows a cyclic oscillation with a period of 50.93 yr superimposed on a long-term secular period decrease at a rate of dP =dt = (2.128˙0.060) 10 9 d=d. Our study suggests that the orbital period cyclic variation can be explained by the magnetic activity, and that the long-term secular period decrease may be caused by enhanced magnetic wind braking in the cooler component.
